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Figure 1. Map of the study areas in the Archipelago Sea and southern Bothnian Sea. The monitoring 
station in the Archipelago Sea is marked with a black square. The sampling points in the southern 
Bothnian Sea is marked with a black triangle. Roman numerals (I–IV) refer to the chapters of this 
thesis.  
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Table 1. Summary of the data utilized in the Chapters (I–IV) of this thesis. 
 I II III IV 
Monitoring data     
Zooplankton abundance (ind./m³) and biomass (mg/m³) x x  x 
Salinity (PSU) x x   
Temperature (°C) x x  x 
 Herring muscle lipid content (% w.wt)    x 
Field and laboratory measurements     
Salinity (PSU)   x  
Temperature (°C)   x  
Zoolankton abundance (ind./m³)   x  
Total body, prosome and oil sac length (µm) of L.macrurus   x  
L.macrurus lipid content  
(µg/L & wax ester % of dry weight)   x  
L.macrurus and plankton fatty acid composition (mol% and μg/ind.)   x x 
Herring fatty acid composition (mol%)    x 
Herring mesenteric fat content (relative scale 0–4)    x 
External data sources     
ELY Center open database (chlorophyll-a; µg/L)  x   
ICES HELCOM database (salinity; PSU)   x x 
ICES stock assessment report (total stock biomass; tons)    x 
3.4 Determination of fatty acids and lipid content 
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Figure 2. A schematic description of oil sac (A), prosome (B) and total body lengths (µm) 
(C) of an adult Limnocalanus macrurus as seen from a dorsal view. Original drawing by 
Marjut Rajasilta. 
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4.1 Zooplankton dynamics in a changing climate 
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Figure 3. Annual positive (red) and negative (blue) biomass (wet weight mg/m3) anomalies 
of mesozooplankton taxa during May–September, 1967–2013 in the northern Baltic 
Archipelago Sea. No data was collected between 1985–1990 (black points). Blank circles 
indicate that the number of individuals of the taxon in question was below the detection limit 
in the sample. The lines represent linear regressions of the annual anomalies versus year 
(solid black line = p≤0.01, dashed black line = p≤0.05, grey line = non-significant). Note the 
different scales between y-axes. Ad = adults; cop = copepodites.
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Figure 4. Left-hand box plots show mean seasonal variation of log10(x+1) zooplankton 
abundance (ind./m³) during January–December (1–12), 1967–2013. Right-hand graphs 
show interannual variation of zooplankton phenology (four phenology indices averaged for 
each group) during 1967–2013. Trend lines are fitted linear regression lines (red lines = 
p<0.05, black lines = p>.0.05). No data was collected between 1985–1990. 
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Figure 5. Left-hand box plot graphs show mean seasonal variation of mixed layer (0–20 m) 
a) temperature (°C), b) salinity during January-December, 1967–2013, and c) log10(x+1) 
chlorophyll-α (Chl-α) concentration at 0–10-m depth during January–December, 1983–2013. 
Right-hand graphs show d) temperature and e) salinity during April–September, 1967–2013, 
and f) chl-α anomalies during April–September, 1983–2013 (bars; positive/negative bars 
being, e.g., warmer/colder than average) with significant linear trend lines in red color 
(p<0.05). 
31120427_Vaitoskirja_Katja_Makinen_Luonnont_ja_tekn_tdk_sisus_B5_1705_3.indd   33 17.5.2019   15.28
34
Katja Mäkinen 
 
31120427_Vaitoskirja_Katja_Makinen_Luonnont_ja_tekn_tdk_sisus_B5_1705_3.indd   34 17.5.2019   15.28
35
Results and Discussion 
4.1.1 Learning from the past in order to understand the future 
31120427_Vaitoskirja_Katja_Makinen_Luonnont_ja_tekn_tdk_sisus_B5_1705_3.indd   35 17.5.2019   15.28
36
Katja Mäkinen 
 
4.2 Limnocalanus macrurus - a model organism for the 
future Baltic Sea? 
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Figure 6. Abundance (mean ± SD ind./m3) of Limnocalanus macrurus adults, copepodites 
and nauplii. Upper panels indicate abundance at 0–50-m depth during May–September, 
2013 and 2014. Lower panels indicate the abundance at different water layers during May–
September, 2014. S = the prevalence of spermatophores attached to the females during 
May–September, 2013 and 2014 (frequency; % of females examined); grey circle = 2013; 
black circle = 2014; (+) = <1 ind./m3. Note the different scales between y-axes. 
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Figure 7. a) Total body length (BL; mean ± SD μm) of adult Limnocalanus macrurus and 
frequency (F; %) of adults with no oil sacs, b) concentration (WE μg/ind.; mean ± SD) and 
percentage (WE % DW; mean ± SD) of wax esters (WE) in adult L. macrurus during May–
September, 2013–2014. Total number of individuals examined each year is shown at the top 
of the columns. 
4.2.3 Seasonal changes in feeding ecology  
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4.3 Climate-induced changes in the transfer of energy to 
higher trophic levels 
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Figure 8. a) Lipid content (% wet weight) of the muscle tissue in spawning Baltic herring 
females in the Archipelago Sea during 1987–2006 and 2013–2014 and b) lipid content (% 
wet weight) and amount of mesenteric fat (relative scale from 0 to 4) in herring samples 
collected during winter from the Archipelago Sea during 1988 and 2017. In the large panel, 
the bold solid line indicates the sample means with standard deviation (vertical bars), 
dashed lines are the maximum and minimum values in the samples and the grey line shows 
the coefficient of variation (CV). In the small panel, values of p indicate the significance level 
in comparisons between 1988 and 2017 (Mann–Whitney U test). ND = no samples were 
obtained. 
4.3.2 Changes in prey availability 
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